Recently, it has been shown that the salmon louse (Lepeophtheirus salmonis) is commonly infected by one or two vertically transmitted Lepeophtheirus salmonis rhabdoviruses (LsRVs). As shown in the present study, the viruses have limited effect on louse survival, developmental rate and fecundity. Since the LsRVs were confirmed to be present in the louse salivary glands, the salmon cutaneous immune response towards LsRV positive and negative lice was analyzed. In general, L. salmonis increased the expression of IL1b, IL8 and IL4/13A at the attachment site, in addition to the non-specific cytotoxic cell receptor protein 1 (NCCRP-1). Interestingly, LsRV free lice induced a higher skin expression of IL1b, IL8, and NCCRP-1 than the LsRV infected lice. The inflammatory response is important for louse clearance, and the present results suggest that the LsRVs can be beneficial for the louse by dampening inflammation. Further research is, however; needed to ascertain whether this is a direct modulatory effect of secreted virions, or if virus replication is altering the level of louse salivary gland proteins.
Introduction
The salmon louse (Lepeophtheirus salmonis Krøyer, 1838), a marine ectoparasitic copepod found on salmonid fish, has been a major problem for the salmon farming industry for years due to resistance against parasiticides and the consecutive impact on wild salmonid fish (Besnier et al., 2014; Fjørtoft et al., 2014; Vollset et al., 2014; Aaen et al., 2015) . Its life cycle consists of eight developmental stages each separated by a molt (Johnson and Albright, 1991; Hamre et al., 2013) . The two initial instars, nauplius I and II, are planktonic, whereas the next instar, the copepodid, detects and attaches to the epidermis or gill of the host. Here the louse passes through two chalimus and two pre-adult stages before the final molt to adult. The louse feeds on mucus, skin, and blood (Kabata, 1974; Brandal et al., 1976) , and can cause mild to severe skin lesions (Wootten et al., 1982; Jonsdottir et al., 1992) . Hence, lice infestation can disturb the osmotic balance and stress the fish leading to an increased susceptibility to diseases (Grimnes and Jakobsen, 1996; Finstad et al., 2000; Tort, 2011) .
The local Atlantic salmon immune response towards adult salmon louse includes moderate inflammation at the attachment site (Braden et al., 2012 (Braden et al., , 2015 , with some elevation in the expression of acute phase genes and genes involved in extracellular killing and tissue repair (Skugor et al., 2008; Braden et al., 2015) . At the attachment site of younger lice stages, depigmentation and some influx of neutrophils and lymphocytes can be observed (Jones et al., 1990; Johnson and Albright, 1992) . However, these responses are not sufficient to clear the infestation, likely due to substances secreted by lice exocrine glands that down-modulates host immune responses at the feeding site (Fast et al., 2002 (Fast et al., , 2004 (Fast et al., , 2007 Øvergård et al., 2016) . Interestingly, lice exocrine glands have recently been shown to contain two L. salmonis rhabdoviruses (LsRVs) (Økland et al., 2014) . These viruses have been detected in the skin at the chalimus attachment site, but systemic infections do not seem to occur in the salmon. As a moderate increased expression of genes generally believed to be involved in antiviral responses have been seen following lice infestation (Tadiso et al., 2011; Braden et al., 2015; Holm et al., 2015 Holm et al., , 2017 , we hypothesize that the LsRVs may interfere with the salmon immune response towards the louse. In fact, some viruses of parasites may increase the virulence of the parasite itself, without replicating in the parasite host. A few examples are described in the literature, all being dsRNA viruses hosted by protozoan parasites infecting humans. Upon release, the dsRNA of these viruses binds to the human host Toll-like receptor (TLR) 3, inducing a more severe inflammatory response than that of virus free parasites alone. For instance, the Leishmania RNA virus-1 infecting Leishmania is upon parasite clearance released intracellularly in macrophages, resulting in a more severe mucocutaneous leishmaniasis (Ives et al., 2011; Brettmann et al., 2016) . Moreover, Trichomonas vaginalis releases T. vaginalis viruses when killed by antibiotic treatment, and the TLR3 induced inflammatory response are suggested to increase the risk of preterm birth and transmission of other sexually transmitted pathogens such as HIV (Fichorova et al., 2012) .
In the present study, we aim to explore the impact of the single stranded RNA viruses LsRV-No9 and No127 on L. salmonis and how these viruses affect the relationship between the salmon louse and its host. These interactions are studied by comparing the performance of LsRV positive and negative louse strains, and how these modulate the salmon host expression of selected pro-inflammatory and viral induced genes.
Method

Salmon louse culturing
All experimental procedures were performed in accordance with national legislation for animal welfare. Laboratory strains of salmon lice were maintained on farmed Atlantic salmon (Salmo salar) according to Hamre et al. (2009) . The salmon were hand fed on a commercial diet, and reared in sea water with a salinity of 34.5 ppt and a temperature of 10 C. Eggs, nauplii and copepodids were kept in seawater from the same supply. Nauplii were obtained from hatching eggs and kept in single wells in a flow through system (Hamre et al., 2009 ).
In situ hybridization
Adult lice stored in RNAlater (Invitrogen) were homogenized in Tri reagent (Sigma Aldrich) using 5 mm stainless steel beads (Qiagen) and a TissueLyser LT (Qiagen) for 2 min at 50 Hz, and total RNA was further isolated according to the supplier recommendations (Sigma Aldrich). cDNA synthesis was carried out using the qScript cDNA SuperMix (Quanta Bioscience), applying 1 mg total RNA. PCR products with T7 promoters were made for the nucleocapsid of the two rhabdovirus strains No127 and No9 using the GoTaq Flexi DNA Polymerase (Promega) according to the manufactures instructions, with primers listed in Table 1 . Single stranded digoxigenin labelled (DIG-labelled) RNA probes for in situ hybridization were synthesized using the DIG RNA Labelling Kit (Roche), with purified PCR products as templates. Adult female lice for in situ hybridization were incubated in 4% paraformaldehyde in phosphate buffered saline (PBS) for 24 h at 4 C, and processed in an Histokinette 2000 (Reichert-Jung) before paraffin embedding. The in situ hybridization was performed with 4 mm sections according to Dalvin et al. (2013) , with some modifications as described in Tr€ oße et al. (2014) . Additionally, the proteinase K treatment was prolonged to 18 min. Antisense and sense probe were applied to adjacent sections at each round of hybridization. Adjacent sections were also stained with hematoxylin (Thermo Scientific) and erytrosin B (Certistain, Merck), to visualize the tissue. Digital micrographs were acquired with an Axiocam 105 color (Zeiss) mounted on an Axio Scope.A1 (Zeiss). Pictures were processed using Adobe Photoshop Elements 13 (Adobe Systems), and organized in Adobe Illustrator CC 2014 (Adobe Systems).
Infestation trials
Two previously established salmon louse strains produced from a common virus infected origin were used to determine whether the viruses affect the lice biology or the immune response of the host; one louse strain that was cured for the viruses and was LsRV free (LsVF), and one strain carrying both viruses, No9 and No127 (LsV) (Øvergård et al., 2017) . Fish were anaesthetized with 60 mg/l benzocaine and 10 mg/l metomidate before handling, while the dose of benzocaine was increased to 100 mg/l to euthanize the fish before skin sampling.
LsRVs impact on louse biology
To assess the potential impact of the viruses on L. salmonis survival and development, 34 fish were randomly divided into two tanks (10 C), and infested with 60 LsVF or LsV copepodids/fish, respectively. At 32 dpi, all lice were carefully collected and identified to stage and sex. To study survival and fecundity of adult lice, some of the lice were placed back on two groups of fish maintained in single tanks, 10 C, n ¼ 9 fish/group. One group was infested with LsRV positive lice and the other group received LsRV negative lice, ten pre-adult II females and ten adult males/fish. The lice were sampled again 23 days post infestation, 55 days after initial copepodid infestation. Lice and egg strings were collected for further evaluation of hatching success and length measurements. Photographs were taken using a Canon EOS 600D camera mounted to an Olympus SZX12 dissecting microscope (Olympus) via a LM Digital SLR Universal Widefield Adapter. Morphometric measurements were obtained using the ImageJ image analysis software (http://rsb. info.nih.gov/ij). In all experiments, three salmon groups were sampled; one uninfested control group, one infested with the LsVF strain, and one infested with the LsV strain. The salmon were maintained in single fish tanks at 12 C, and the fish were allowed a 14 day acclimatization period prior to infestation with 80 copepodids/fish. Moreover, blood was taken prior to skin sampling to avoid blood contamination. Skin samples for real time RT-PCR were consequently obtained from areas with scales since a contrasting expression of salmon immune genes have been seen in scaled and scaleless skin after L. salmonis infestation (Holm et al., 2017) . Skin samples were taken both from untreated control and infested fish. From the untreated control fish, one skin sample was taken for immune gene analysis. From the infested fish, two samples were obtained; one from skin without lice, and one consisting of three pooled skin samples from lice attachment sites in order to obtain sufficient infested tissue for purification. The skin samples and the size of the copepodids sampled (0.7 mm) were small; therefore lice at the attachment site were not removed and thus included in the sample to ascertain that the correct area of skin had been obtained. The presence or absence of lice in the skin samples were confirmed by real time RT-PCR (see below). Samples were stored at À20 C in RNAlater (Invitrogen) until RNA purification.
In a pilot experiment, fish on average 215 ± 31 g were infested with the F1 generation of LsV and LsVF lice and sampled at 20 day degrees post infestation (ddpi) (N ¼ 4 fish/group). In experiment 1, fish on average 196 ± 35 g were infested with the F2 generation of LsV and LsVF lice, and sampled at 24 and 48 ddpi (N ¼ 5 fish/group). In experiment 2, fish on average 330 ± 85 g were infested with the F3 generation of LsV and LsVF lice and sampled at 36 and 72 ddpi (N ¼ 6 fish/group).
RNA purification and cDNA synthesis
Skin samples for RNA purification were homogenized in Tri reagent (Sigma Aldrich) using 5 mm stainless steel beads (Qiagen) and a TissueLyserII (Qiagen) for 3 min at 30 Hz. Total RNA was isolated with a combined Tri reagent (Sigma Aldrich) and RNeasy (Qiagen) method, as previously described (Øvergård et al., 2010) . Samples were DNase treated on column, and total RNA was frozen at À80 C until use. cDNA synthesis was carried out using the AffinityScript qPCR cDNA Synthesis Kit (Stratagene) according to the supplier recommendations, adding 1 mg total RNA and both random (5 ng/ml) and oligo(dT) (10 ng/ml) primers in a total volume of 10 ml. Samples were diluted 1:5, and stored at À20 C until use.
Real time RT-PCR and data analysis
Real time RT-PCR was performed with 1x SYBR Select Master mix (Life Technologies), 500 nM gene specific primers (listed in Table 1 ) and 2 ml cDNA in 10 ml reactions. Samples were run in duplicate on the Applied Biosystems QuantStudio3 Real time PCR System under standard conditions (50 C for 2 min, 95 C for 2 min, 40 cycles of 95 C for 15 s and 60 C for 1 min, followed by a melt curve analysis at 60e95 C).
All samples were analyzed for the presence of the two LsRVs. As an additional control to omit sampling errors, all samples were tested for the presence of lice by analyzing the salmon lice elongation factor 1 alfa (LsEF1a). The salmon EF1a (AsEF1a) was used to normalize the immune gene expression data by calculating the relative differences in threshold cycle between the immune genes and the reference gene (DCT). Further, the expression relative to the untreated control (DDCT) were calculated, and transformed by the equation 2 ÀDDCT (Pfaffl, 2001). T-test was applied to analyze statistical significance (p > 0.05).
Results
Detection of the rhabdovirus nucleoprotein (N) RNA in the salmon lice salivary gland
The LsRVs have previously been located to exocrine glands that mostly have ducts extending dorsally (Økland et al., 2014; Øvergård et al., 2016; Harasimczuk et al., 2017) . However, despite the fact that the salivary glands are likely to be the only gland type secreting its content directly onto the L. salmonis feeding site (Øvergård et al., 2016) , the viral status of the this gland type has not yet been examined. In the present study, however; probes detecting the LsRVs localized both genomic and antigenomic viral RNA to the salivary gland (Fig. 1A and B) . Both secretory units, including the reservoirs, were found to be positive.
Development, survival and reproduction in LsRV infected and non-infected lice
In order to fully evaluate the interaction between the LsRVs and the L. salmonis host, we first assessed whether the viral infection compromised the louse infestation success, development and fitness. Virus positive and virus negative lice displayed a similar infestation and development success upon sampling at 320 ddpi. An average of 15.3 ± 6.8 and 13.4 ± 7 lice was collected in the LsVF group LsV group respectively ( Fig. 2A) . The mean number of lice was not significantly different between the two groups, T-test p > 0.42, neither was the sex and stage composition (predominantly pre-adult II females and adult males) (Fig. 2B ). Shortly after collection and counting, these lice were placed back on fish hosted in single fish tanks and sampled again at the adult stage (55 days post initial copepodid infestation). On average 6.0 females and 6.3 males were retrieved per fish from the LsVF group while 5.3 and 4.1 females and males were retrieved from the LsV group (Fig. 2C) . Apparently, slightly more LsV lice were lost from their hosts, however; the differences were not significant (T-test p > 0.23). Moreover, the lice and egg strings did not differ in size among the virus positive and virus negative groups ( Fig. 2D and E) . Furthermore, the egg strings hatched at the same rate (Fig. 2F) , and post hatching the planktonic larvae displayed a similar developmental rate and success. Taken together, the LsV lice seemed to be persistently infected by the two rhabdoviruses with a nonsignificant influence on lice development, survival and egg production.
Infestation trials
The real time RT-PCR analysis confirmed that the skin samples taken from non-attachment sites were not infested with lice. Two samples taken from sites were lice should have been present were, however, negative for lice marker (LsEF1a), and therefore excluded from further analysis. Moreover, the viral status of lice at the attachment sites was confirmed to be negative for the LsVF group, while in the LsV group both viruses were detected with one exception that was positive only for the No9 strain. Thus, this sample was also excluded. There were, again, no statistically significant differences in the infestation success between the LsVF and LsV strains in any of the experiments (results not shown).
Atlantic salmon skin immune responses towards LsRV infected lice
A large part of the L. salmonis population along the Norwegian coast is likely to be infected with either one or both LsRVs ( Øvergård et al., 2017) , and, hence, the salmon immune response towards virus infected lice must be regarded as the common immune response towards L. salmonis in the wild. As the skin immune response at the attachment site of juvenile L. salmonis has not yet been studied at a gene expression level, the selected immune gene modulation by the LsV lice was initially assessed. Among fish hosting lice infected with both viruses, the IL1b and IL8 mRNA levels were significantly higher at louse attachment sites compared to skin samples from sites without lice at all time points analyzed ( Fig. 3A and B) . The highest mRNA levels were seen at 48 ddpi, and at this time point a few chalimus I had appeared implicating that the remainder lice were copepodids close to molting. At this time point, the mRNA level of IL4/13A was also shown to be significantly increased, but the difference between untreated control and infested fish was even higher at the latest time point sampled (72 ddpi). The expression of interferon (IFN) a, Mx and interferon stimulated gene (ISG) 15 was not shown to be much regulated in response to L. salmonis infestation (Fig. 3 DeF), yet a significant decrease compared to uninfested control fish was seen for IFNa at the attachment sites at 72 ddpi. On the contrary, a significant increase of the non-specific cytotoxic cell receptor P1 (NCCRP-1) was at all time points seen at the louse attachment site compared to uninfested control, and at the three latest sampling points the expression was significantly higher than at the nonattachment site (Fig. 3G ). The T cell response did, however; not follow this trend, displaying T-cell receptor (TCR) a and CD8a mRNA levels close to the untreated control at all time points (Fig. 3H and I ). Though, a significant increase of CD8a were initially seen at the attachment site (24 ddpi), but later the expression decreased significantly compared to untreated control, especially at 72 ddpi. This trend was also seen for the IFNg expression level (Fig. 3J ).
Differential skin immune responses to LsRV infected and noninfected lice
The pilot study showed an increased pro-inflammatory cytokine mRNA level in fish infested with LsRV free lice compared to those infested with LsRV infected lice (results not shown). To verify these results, two additional experiments were carried out. Also in these experiments, a trend displaying a higher mRNA level of IL1b and IL8 was seen among fish hosting LsRV negative lice compared to fish hosting LsRV positive lice at all time points (Fig. 4A and B) . Moreover, this difference was significant at 36 ddpi for the IL1b expression level, and at both 36 and 48 ddpi for the IL8 expression level. A slightly higher, but not significant (p ¼ 0.38), differential expression of IL4/13A was also seen in the LsVF infested group compared to the LsV group at 72 ddpi. No significant difference was seen in the expression of the genes typically induced by viral infections, IFNa and Mx. It should, however; be noted that a rather high expression of Mx and ISG15 was seen in two fish within the LsV infested group at 36 ddpi giving a large standard deviation at that time point (Fig. 4DeF) . This was followed by a significant increase of ISG15 at 48 ddpi in the LsV infested fish (Fig. 4F) . The mRNA level of NCCRP-1 and the T-cell genes did not seem to be affected by the viral status of the lice (Fig. 4GeJ) , though a significantly less NCCRP-1 mRNA level were seen at 36 ddpi in the LsV infested fish.
Discussion
The skin immune response towards early louse stages is local with a moderate increase in inflammatory cytokines
Previous studies assessing the Atlantic salmon immune response towards early stages of L. salmonis have shown that expression of the pro-inflammatory cytokines IL1b and IL8 is quite stable in skin where lice are not attached (Tadiso et al., 2011; Holm et al., 2015 Holm et al., , 2017 . This was also observed in the present study, however; a moderate but significant increase in the mRNA levels of IL-1b and IL8 was observed at sites of louse attachment. This is in accordance with earlier studies showing a moderate increase of Atlantic salmon inflammatory cytokines such as IL1b, TNFa, IL-8, IL6 and COX-2 at the adult louse attachment site (Braden et al., 2012 (Braden et al., , 2015 . While the mobile pre-adult and adult stages of lice attaches by means of a suction cup shaped cephalothorax (Kabata, 1981) , the copepodid attaches by embedding its hook-shaped second antennae into the skin causing mechanical disruption of the epidermis (Jones et al., 1990) . Closer to molting, the L. salmonis copepodid goes into a primary attachment phase. Now, they embed their second antennae deeper into the skin, sometimes penetrating the basement membrane, while the anterior edge of the lice is drawn down and forwards lifting the epithelium which aggregates in front of the louse (Bron et al., 1991; Jones et al., 2008) . In the present study, this process correlated with a peak in IL1b and IL8 expression at 48 ddpi (Fig. 3) . During the first molt, and throughout the chalimus phase when the louse is attached by a frontal filament, the expression of these interleukins decreased, which, indeed, reflects previous work which shows that the epidermal infiltration of inflammatory cells around the frontal filament is minimal in Atlantic salmon (Jones et al., 1990; Johnson and Albright, 1992) .
Of the pro-inflammatory cytokines studied, IL8 displayed the highest degree of regulation over time at the L. salmonis attachment site. This may suggest that the IL8 response is influenced by lice secretory products to reduce the host immune response during this initial phase of infestation. In mammals, IL8 attracts especially neutrophilic granulocytes (Kownatzki et al., 1986; Yoshimura et al., 1987) , and teleost IL8 is, in a similar manner, chemotactic for neutrophils, macrophages and lymphocytes (Harun et al., 2008; Montero et al., 2008; Zhonghua et al., 2008; van der Aa et al., 2010; Wang et al., 2013) . Moreover, an influx of neutrophils, macrophages and lymphocytes has been observed at the attachment site of young L. salmonis stages (Jones et al., 1990; Johnson and Albright, 1992) . Coho salmon, however, which is resistant to young lice stages, display a mild dermis inflammation with an early influx of predominantly neutrophils already after 9.6 ddpi (Johnson and Albright, 1992) . Later in the chalimus phase, a well-developed epithelial hyperplasia accompanied by inflammatory cells infiltrations sometimes completely encapsulates the louse. Hence, it may be that a decreased IL8 expression is favourable for L. salmonis by reducing the influx of inflammatory cells to the attachment site, and indeed, the most likely origin of potential immune modulatory substances is the salmon louse salivary gland, secreting their content at the feeding site (Øvergård et al., 2016) . Further gene expression and knock-down studies of glandular proteins should therefore address IL8 gene modulation, and may reveal if Atlantic salmon is able to reject L. salmonis copepodids deprived of the ability to manipulate their host immune system.
In mammals, IL4 and IL13 are closely related pleiotropic cytokines that are best known as T helper (Th) 2 cell signature cytokines, and are regarded to be important in immune responses towards extracellular parasites (Mosmann and Coffman, 1989; Paul and Seder, 1994; Zhu, 2015) . In teleosts, two cytokines evolutionarily related to both IL4 and IL13 have been found, named IL4/13A and IL4/13B (Wang et al., 2016) . In salmon and trout, three active genes are identified, IL4/13A, IL4/13B1 and IL4/13B2, where IL4/13A has been shown to be constitutively expressed in skin (Takizawa et al., 2011; Wang et al., 2016) . Moreover, the expression of teleost IL4/IL13 genes has been shown to increase during parasitic infections (Chettri et al., 2014; Braden et al., 2015; Wang et al., 2016) . In the present study, the highest increase of IL4/13A expression was detected at the lice attachment site at 72 ddpi, accompanied by a decrease in IL1b, IL8 and IFNg mRNA levels. Interestingly, recombinant trout IL4/13A (recIL4/13A) was shown to be anti-inflammatory by upregulating IL10 and down regulating IL1b and IFNg in vitro in head kidney cells (Wang et al., 2016) . Moreover, IL4 and IL13 are found to drive a macrophage antiinflammatory and tissue repair response in mammals when apoptotic cells, e.g. apoptotic neutrophils, are recognized (Bosurgi et al., 2017) . In the present study, the first significant local increase of salmon IL4/13A was seen at the copepodid primary attachment phase (48 ddpi), perhaps as a response to initial tissue damage inflicted by the louse at this stage. Accordingly, a higher up-regulation of IL4/13A, as well as IL6 and matrix metalloproteinase 13 (MMP13), has been detected in coho compared to Atlantic salmon at the adult lice attachment site (Braden et al., 2015) . Interestingly, as seen in salmon louse infested coho salmon (Johnson and Albright, 1992; Braden et al., 2015) , the parasitic flagellate Ichthyobodo necator also causes epidermal hyperplasia and increased expression levels of IL4/IL13A in rainbow trout Oncorhynchus mykiss (Chettri et al., 2014) , and Th2 induced goblet cell hyperplasia is important for resolving gastrointestinal nematode infections in mammals (Onah and Nawa, 2000; Webb et al., 2007) . Hence, further studies on the involvement of salmon IL4/ 13A in epidermal hyperplasia may improve our knowledge on important L. salmonis resistance factors. The mRNA level of the non-specific cytotoxic cells (NCCs) antigen receptor NCCRP-1 was shown to be significantly increased at the louse attachment site, indicating that NCCRP-1 þ cells are involved in the immune response towards L. salmonis. NCCs are believed to be the piscine precursor of natural killer cells (JasoFriedmann et al., 2001) , and are found at mucosal surfaces of teleost fish (Rombout et al., 2014) . They have a rather broad specificity, and, in addition to cytotoxic activity, also participate in the innate immune response by releasing cytokines (Jaso-Friedmann et al., 2001 ). An involvement of NCCs or NCCRP-1 þ cells in the immune response towards protozoan parasites have been shown in channel catfish (Ictalurus punctatus) and orange-spotted grouper (Epinephelus coioides) (Graves et al., 1985a (Graves et al., , 1985b Huang et al., 2014) , and in vitro lysis of the ciliate Tetrahymena pyriformis has been demonstrated (Graves et al., 1985a) . Interestingly, NCCRP-1 is expressed on the surface of various types of immune cells in gilthead seabream (Sparus aurata L.) and tilapia (Oreochromis niloticus) (Ishimoto et al., 2004; Cuesta et al., 2005) . Further characterization of salmon NCCRP-1 þ cells is therefore needed to answer whether the L. salmonis induced increase in NCCRP-1 is related to infiltration of NCCs or, for instance, NCCRP-1 þ neutrophils and macrophages.
LsRV negative lice induces a higher expression level of proinflammatory cytokines than LsRV infected lice
Rabdoviruses can bud from the apical plasma membrane of secretory cells and spread through the saliva from both insect and vertebrate salivary glands (Hogenhout et al., 2003) . Hence, localization of LsRV RNA within the L. salmonis salivary gland further explains the origin of virus previously detected in skin samples taken at chalimi attachment sites (Økland et al., 2014) . Thus, it is evident that louse saliva is likely to represent a major source of LsRV virions that meets the fish immune system in this phase of louse development.
LsRV infected and non-infected lice display similar infection success, development, size, and fecundity, suggesting that these rhabdoviruses have low impact on the lice. Moreover, their vertical mode of transmission and their omnipresence along the Norwegian coast (Økland et al., Økland et al., 2014; Øvergård et al., 2017Økland et al., 2014; Øvergård et al., 2017) , are consistent with low virulence (Ebert, 2013) . Therefore, any differences seen in the immune response towards the two strains of lice, respectively, should not result from the viruses significantly compromising the louse.
The first study of the LsRVs indicated that the viruses do not replicate in the salmon, as the viruses could not be detected systemically after lice infestation (Økland et al., 2014) . The present study further supports this, as the LsRVs were not detected in nonattachment skin samples from louse infested fish and there was little or no up-regulation of the typically virally induced genes analyzed. The few studies on parasite viruses that increases the virulence of the parasite without replicating in the parasitic host describes the release of viral dsRNA either intracellularly or extracellularly upon parasite clearance, causing an TLR3 induced inflammation (Ives et al., 2011; Fichorova et al., 2012) . In the present study, however; single stranded RNA viruses are investigated, and these are not expected to act in a similar manner. As in mammals, teleost TLR7 and TLR8 are suggested to sense ssRNA viruses (Pietretti and Wiegertjes, 2014) , and when Atlantic salmon is stimulated with TLR7 and TLR8 ligands a typical type I IFN response is seen with upregulation of IFNa, Mx, ISG15 and IFNg (Kileng et al., 2008; Svingerud et al., 2012) . However, as mentioned above, no significant increase in the IFNa, IFNg and Mx expression was observed in the present study, suggesting that the LsRVs were not detected by the salmon immune system, or that the concentration of viral RNA was too low to induce a response. However, ISG15 was increased in some individuals within the LsV infested group at one time point, suggesting that LsRVs can specifically increase the expression of this typically virus induced gene. Surprisingly, the virus free lice induced a higher expression of IL1b and IL8 than virus infected lice at the attachment site. This implies that the viruses may be beneficial for the louse as they decrease the inflammatory response and the attraction of immune cells to the site of attachment. This may be a response to the virions directly, or the result of an altered saliva composition. The salmon louse salivary gland is expected to secrete substances that dampens the host immune response, however; it is also likely to secrete digestive enzymes as trypsins and astacins (Fast et al., 2003 , Fast et al., 2004 , Fast et al., 2007 . Generally, viruses that regulate transcription or translation induce a decrease in host protein synthesis, including the rabies virus (Komarova et al., 2007; Walsh et al., 2013) . Hence, more digestive enzymes in the saliva of LsRV free lice possibly inflict more damage to the skin and thus a higher pro-inflammatory response. Unfortunately, cell lines for propagating the LsRVs have not yet been identified (Økland et al., 2014) , required to experimentally determine whether these viruses alone can modulate the salmon immune response. Without this knowledge, it is tempting to speculate whether the observed expression pattern reflects the workings of two benign viruses that compensate their cost to the louse by manipulating the fish immune system in favour of the louse.
In conclusion, the present study shows that a moderate proinflammatory response is induced locally at copepodid and chalimus attachment sites, with a subsequent increase in IL4/13A and influx of NCCRP-1 þ cells. While the LsRV free lice induced a moderately higher pro-inflammatory cytokine mRNA level than LsRV infected lice, the infestation success, development and survival of the louse was not significantly affected by the virus infection. Transcriptional evidence suggests that louse viruses play a role in sea lice host immune modulation and should be an integral part of future studies of sea lice and their effect on the salmon immune system. Moreover, the search for and analysis of additional L. salmonis viruses is important to fully understand the interaction between the louse and its fish host.
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